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Introduction {#cssc201701565-sec-0001}
============

A clean and renewable fuel based on molecular hydrogen (H~2~) is regarded as a solution to multiple global challenges, including meeting the ever‐increasing energy demand, the reduction of fossil fuel consumption and mitigating climate change. One appealing pathway to H~2~ production is through water electrolysis driven by renewable energy sources such as solar and wind power. The implementation of this technology at a global scale is, however, hampered by the high cost and scarcity of noble metals such as Pt, Ir, and Ru, which presently are the best‐known catalysts for efficiently and stably performing the two half‐reactions of water splitting, that is, the hydrogen evolution reaction (HER) and the oxygen evolution reaction (OER). It is, therefore, imperative to develop earth‐abundant catalysts that are catalytically as competent as noble‐metal catalysts and that can be synthesized using scalable methods.

Recent intensive research has resulted in the development of promising alternatives to Pt as HER catalysts, including transition metal selenides,[1](#cssc201701565-bib-0001){ref-type="ref"} sulfides,[2](#cssc201701565-bib-0002){ref-type="ref"} carbides,[3](#cssc201701565-bib-0003){ref-type="ref"} and phosphides.[4](#cssc201701565-bib-0004){ref-type="ref"} Among these, the transition metal phosphides (TMPs) have emerged as one of the best candidates owing to their merits in catalytic activity and stability. On the basis of theoretical calculations, their efficiency in HER has been attributed to ensemble effects of phosphorus incorporation.[5](#cssc201701565-bib-0005){ref-type="ref"} Phosphorus first dilutes the concentration of metal sites and thereby prevents catalytic deactivation caused by slow HER kinetics due to too strong binding of hydrogen to the metal sites, and second, it creates metal--phosphorus sites that bind hydrogen moderately and thus allow facile H~2~ desorption. The H affinity to the catalytic surface and thus the resultant catalytic activity may be further tuned by engineering the material compositions of TMPs by doping, which further modulates the geometric and electronic structures of the material. Indeed, alloy catalysts prepared by cationic and/or anionic doping of TMPs often exhibit enhanced HER activity compared to their undoped counterparts.[4a](#cssc201701565-bib-0004a){ref-type="ref"}--[4d](#cssc201701565-bib-0004d){ref-type="ref"}, [6](#cssc201701565-bib-0006){ref-type="ref"}

Another promising strategy for tailoring the catalyst composition toward improved catalytic properties is through the creation of vacancy defects. This strategy has shown promising results in both OER (Co~3~O~4~, CoSe~2~, and Ir−Ni oxide)[7](#cssc201701565-bib-0007){ref-type="ref"} and HER catalysts (MoS~2~ and WSe~2~),[1](#cssc201701565-bib-0001){ref-type="ref"}, [2](#cssc201701565-bib-0002){ref-type="ref"} in which the vacancies are found to catalytically activate neighboring atoms and/or improving the interfacial charge transfer. Nonetheless, the studies of vacancy defects for HER catalysts are scarce and are limited to anionic vacancies.[1](#cssc201701565-bib-0001){ref-type="ref"}, [2](#cssc201701565-bib-0002){ref-type="ref"}

Motivated by these studies, we investigate here the effect of cationic vacancy defects on the HER activity of FeP. Our theoretical calculations show that Mg doping and its subsequent removal for creating Fe vacancies indeed optimize the hydrogen adsorption free energy, suggesting that such materials will have higher catalytic activities. To demonstrate this experimentally, we developed a simple chemical treatment to create Fe vacancies in FeP. This method introduces Mg as sacrificial dopant, which is subsequently removed in a post‐synthesis step by acid treatment. Electrochemical, structural, and mass spectrometric characterizations of these materials show that the Fe‐vacancy‐rich FeP exhibits a remarkable intrinsic catalytic activity and stability with high Faradaic efficiency for HER in both alkaline and acidic electrolytes.

Results and Discussion {#cssc201701565-sec-0002}
======================

To create Fe vacancies in the FeP catalyst, we selected Mg as sacrificial dopant owing to i) its earth abundance; ii) similarity (∼9 % difference) in ionic radius (0.086 nm) to that of Fe (0.0785 nm),[8](#cssc201701565-bib-0008){ref-type="ref"} which would likely result in substitutional doping in FeP with minimal crystal distortion; and iii) ease of dissolution in acidic media (for the purpose of creating cationic vacancies). A low Mg content of 10 at. % (based on the total metal content, i.e., Mg/(Mg+Fe)) was chosen to minimize crystal distortion caused by its subsequent removal. The ab initio theoretical study on pristine FeP, Mg‐doped FeP (Mg‐FeP), and Fe‐vacancy‐rich FeP (Vc‐FeP) systems is presented first to provide insights into the roles of Mg dopants and Fe vacancies on the HER activity, followed by the experimental results of the synthesized electrodes.

Theoretical results {#cssc201701565-sec-0003}
-------------------

The HER involves proton discharge leading to the adsorption of the hydrogen atom on the catalyst surface and its subsequent desorption through a chemical or electrochemical reaction to form H~2.~ [9](#cssc201701565-bib-0009){ref-type="ref"} Here, the strength of the catalyst--hydrogen atom interaction dictates the limiting step and hence the catalytic activity. An ideal catalyst would interact with hydrogen atoms neither too weakly nor too strongly, so that the adsorption and desorption reactions have comparable energy barriers. In other words, an optimal HER kinetics is achieved at a thermoneutral Gibbs free energy, that is, Δ*G* ~H\*~=G~H\*~−G${}_{1/2\, H{}_{2}}$ =0 eV, where *G* ~H\*~ and *G* ${}_{1/2\, H{}_{2}}$ are the free energy of an H atom as adsorbed intermediate and desorbed in the gas phase, respectively.[1](#cssc201701565-bib-0001){ref-type="ref"}, [2](#cssc201701565-bib-0002){ref-type="ref"}, [5](#cssc201701565-bib-0005){ref-type="ref"}, [6](#cssc201701565-bib-0006){ref-type="ref"}, [10](#cssc201701565-bib-0010){ref-type="ref"}

To calculate the H binding affinity of the surfaces of our three catalyst systems, we selected the (111) and (112) crystal plane as representative catalyst surfaces. As a similar trend is observed for these planes, only the (111) plane is described in detail whereas the results for the (112) surface are presented in the Supporting Information (Figure S3 and Table S2). Then, 10 at. % of Fe in FeP was replaced by Mg (i.e., Mg/(Mg+Fe)=10 at. %) as a dopant to create Mg‐FeP. Mg was subsequently removed from the structures to create the Fe vacancies in Vc‐FeP. To account for inhomogeneity in doping and vacancy distribution, we prepared two Mg‐FeP and two Vc‐FeP systems for each crystalline surface, and three reaction sites per system were studied. The optimized configurations are depicted in Figure S1.

Despite the generally good catalytic activity of FeP reported in the literature,[11](#cssc201701565-bib-0011){ref-type="ref"} we observe in our calculations for pristine FeP that its Δ*G* ~H\*~ is well above 0, where the most active site has a Δ*G* ~H\*~=+0.16 eV (see Table S1 and Figure [1](#cssc201701565-fig-0001){ref-type="fig"} a), indicating a weak surface interaction with H atoms and hence that the adsorption event might be the rate‐limiting step for catalysis. Therefore, its catalytic activity can be improved by increasing the H affinity to the surface. Our calculations show that the addition of Mg decreases the Δ*G* ~H\*~ 3‐fold to +0.05 eV, suggesting a stronger hydrogen interaction. For Vc‐FeP, the hydrogen interaction improves even further to Δ*G* ~H\*~=+0.02 eV. Similar results are obtained also for the (112) surface (see Figure S2 and Table S1). Although Δ*G* ~H\*~\>0 is normally associated with weak H--catalyst interactions, that is, the adsorption event being the limiting step, at such small values of Δ*G* ~H\*~ for Mg‐FeP and Vc‐FeP, diverse factors (e.g., solvent effects) might easily reverse the sign of the calculated free energy. Therefore, the adsorption or desorption events could be the rate‐limiting reaction. The near‐zero Δ*G* ~H\*~ for Vc‐FeP suggests a low activation energy barrier for HER,[12](#cssc201701565-bib-0012){ref-type="ref"} indicating that HER may occur on the catalyst surface at a low overpotential. Table S1, which lists also other sites with promising catalytic activity, shows clearly that Mg‐FeP and Vc‐FeP exhibit generally a stronger hydrogen interaction than pristine FeP. Because the difference in the spatial density of reaction sites also affects the HER activity, we estimated the reaction site density at a cutoff Δ*G* ~H\*~=±0.2 eV, and found that Vc‐FeP has the highest number of 11 sites nm^−2^ compared to 8 sites nm^−2^ for Mg‐FeP and 3 sites nm^−2^ for FeP. We are aware that these numbers strongly depend on the surface termination as well as dopant and defect distributions, however, they provide an insight into the activation of the catalyst surface.

![(a) Free energy diagram and (b) density of states of FeP, Mg‐FeP and Vc‐FeP (111) surfaces. Vertical dashed lines in (b) indicate the Fermi level.](CSSC-10-4544-g001){#cssc201701565-fig-0001}

The improvements on the Δ*G* ~H\*~ show that both Mg dopants and Fe vacancies are expected to improve the catalytic activity of FeP. Their roles are illustrated further by examining the structural properties. The Fe−P bond length in Mg‐FeP and Vc‐FeP is slightly decreased from 2.34 Å in pristine FeP to 2.32 and 2.30 Å, respectively (see Table S1). This is expected to increase the Fe and P orbital overlap with that of the adsorbed hydrogen atom (H\*), thereby stabilizing the hydrogen on their surfaces. Furthermore, the creation of Fe vacancies yields a relatively P‐rich environment in Vc‐FeP compared to pristine FeP and Mg‐FeP, where the P, which is partially negatively charged,[4b](#cssc201701565-bib-0004b){ref-type="ref"} facilitates proton trapping and thus improves the HER kinetics. Nonetheless, both doping and vacancy defects also are associated with drawbacks, such as a reduction of the electrical conductivity. This is observed by examining their electronic properties (Figures [1](#cssc201701565-fig-0001){ref-type="fig"} b and S3). FeP exhibits metallic characteristics in agreement with previous studies,[13](#cssc201701565-bib-0013){ref-type="ref"} in which the density of states (DOS) around the Fermi level (*E*−*E* ~F~=0) arise mostly from the d‐bands of Fe and the p‐states of P. Overall, the DOS around the Fermi level of Mg‐FeP and Vc‐FeP are only slightly lower than FeP, indicating lowering of the electrical conductivity. Nevertheless, the drop is slightly larger for Mg‐FeP than for Vc‐FeP.

Experimental results {#cssc201701565-sec-0004}
--------------------

Using our recently reported two‐step synthesis method, that is, spray pyrolysis deposition of metal oxide film followed by a low‐temperature phosphidation (see the Experimental Section),[4b](#cssc201701565-bib-0004b){ref-type="ref"} we prepared, in a scalable way, pristine FeP and Mg‐FeP films on Ti foil substrates. Fe vacancies for Vc‐FeP were created by simply soaking Mg‐FeP in 0.5 [m]{.smallcaps} H~2~SO~4~ for 15 min to leach Mg from Mg‐FeP. During this process, H~2~ gas was produced as detected using membrane‐inlet mass spectroscopy (MIMS) (Figure S4). This observation is similar to those previously observed during acid corrosion of Mg alloys.[14](#cssc201701565-bib-0014){ref-type="ref"} Scanning electron microscopy (SEM; Figure [2](#cssc201701565-fig-0002){ref-type="fig"} a--c) reveals that all samples consist of nanoparticulate films with minimal morphological differences. Detailed inspection shows that Vc‐FeP consists of slightly smaller particles (average size 11±2 nm) than pristine FeP (17±7 nm) and Mg‐FeP (18±6 nm). The mass loading was found to be similar among the samples (1.1 mg cm^−2^ for FeP; 1.4 mg cm^−2^ for Mg‐FeP; 1.2 mg cm^−2^ for Vc‐FeP), facilitating a direct comparison of their catalytic activities. Elemental analysis by energy dispersive X‐ray spectroscopy (EDS, Figure S5) shows that the relative P content (P/(P+Mg+Fe)) of pristine FeP, Mg‐FeP, and Vc‐FeP are 51, 51, and 53 at. %, respectively. Furthermore, Mg constitutes approximately 10 at. % of the total metal content in Mg‐FeP (Figure S5 b) whereas no Mg is detected for Vc‐FeP (Figure S5 c). Further elemental examination of Vc‐FeP by X‐ray photoelectron spectroscopy (XPS) also shows no Mg signal (data not shown), indicating a complete removal of Mg (the detection limit for EDS and XPS is 0.1--1 at. %) by the acid treatment.

![(a--c) Top‐view SEM and (d--f) HRTEM images of (a, d) FeP, (b, e) Mg‐FeP, and (c, f) Vc‐FeP. Scale bar: (a--c) 200 nm, (d--f) 2.5 nm.](CSSC-10-4544-g002){#cssc201701565-fig-0002}

Figure S6 shows the X‐ray diffraction (XRD) patterns of FeP, Mg‐FeP, and Vc‐FeP. All three samples exhibit broad diffraction peaks corresponding to the orthorhombic FeP phase.[15](#cssc201701565-bib-0015){ref-type="ref"} The broad peaks indicate a low degree of crystallinity with small crystal grains. Additional peaks attributed to iron oxide are spotted in FeP. In our previous study,[4b](#cssc201701565-bib-0004b){ref-type="ref"} we demonstrated that the formation of iron oxide impurity can be suppressed by adding Ni dopant. This is also evidenced here, where the addition of Mg dopant inhibits the crystallization of iron oxide. Similar observations were reported in other systems including Zr‐doped Ta~2~O~5~ and W‐doped Ge~2~Sb~2~Te~5~.[16](#cssc201701565-bib-0016){ref-type="ref"} The absence of secondary XRD peaks owed to Mg in Mg‐FeP suggests that the replacement of Fe by Mg occurs by substitutional doping. The broad diffraction peaks, however, render difficulty to precisely determine any peak shifts that may correspond to crystal distortions caused by the introduction or removal of Mg. Further analysis by high‐resolution transmission electron microscopy (HRTEM) in Figure [2](#cssc201701565-fig-0002){ref-type="fig"} d--f show a lattice spacing of 0.202 nm in FeP, which is assigned to the (112) plane of orthorhombic FeP. A slight expansion in the lattice spacing to 0.207 nm is observed for Mg‐FeP as a result of the larger ionic radius of Mg compared to Fe. When Mg is removed (Vc‐FeP), the lattice shrinks to 0.198 nm, indicating the formation of vacancy defects. The correlative analysis by EDS (Figure S7) shows a homogeneous elemental distribution in the samples.

We investigated the current‐to‐H~2~ Faradaic efficiency of the samples in 1 [m]{.smallcaps} KOH by quantifying the gas evolved during 2 h of operation at a geometric current density (*j* ~geo~) of −10 mA cm^−2^. As shown in Figure [3](#cssc201701565-fig-0003){ref-type="fig"} a, the average Faradaic efficiencies of FeP, Mg‐FeP, and Vc‐FeP are 70±5 %, 81±3 %, and 94±2 %, respectively. With a near‐100 % Faradaic efficiency, the charge passed in Vc‐FeP is mostly consumed during HER. The comparatively low Faradaic efficiencies of FeP and Mg‐FeP are owed to the formation of phosphate species on the surface. As observed in Figure [3](#cssc201701565-fig-0003){ref-type="fig"} b--d, the pristine nanoparticulate morphologies (Figure [2](#cssc201701565-fig-0002){ref-type="fig"} a--c) were transformed into sheet‐like structures during the measurements. The amount of nanosheets on Vc‐FeP is significantly lower than on FeP and Mg‐FeP. These nanosheets were confirmed by XPS to be phosphate species, and the intensity of the peaks assigned to the phosphate phase for FeP (Figure [3](#cssc201701565-fig-0003){ref-type="fig"} e) and Mg‐FeP (Figure S8) dramatically increased after the HER measurement. Such increment is considerably smaller for Vc‐FeP (Figure [3](#cssc201701565-fig-0003){ref-type="fig"} f), suggesting that its high catalytic activity for HER outcompetes the rate of phosphate formation. According to a previous theoretical study,[13](#cssc201701565-bib-0013){ref-type="ref"} the slightly higher P content of Vc‐FeP, compared to FeP and Mg‐FeP, may lead to an enhanced Fe−P covalent interaction, which further suppresses phosphate formation and provides catalytic stability. Although the mechanism of the phosphate formation under electroreductive conditions is unclear, it is possible that a portion of the charge passed was consumed by undesirable reduction of the dissolved O~2~ in the electrolyte owing to the absence of an ion‐conducting membrane between the anode and cathode compartments that would separate the gaseous products.[19](#cssc201701565-bib-0019){ref-type="ref"} The reduction of O~2~ could produce reactive oxygen species, which are the oxidizing agents possibly responsible for the formation of phosphate species.

![(a) Measurement of H~2~ gas evolved in 1 [m]{.smallcaps} KOH. Top‐view SEM images of (b) FeP, (c) Mg‐FeP, and (d) Vc‐FeP after the measurement. Scale bar in (b--d): 200 nm. Comparison of the XPS spectra for (e) FeP and (f) Vc‐FeP before (fresh) and after the measurement. Assignment of peaks: (e1, f1) Fe 2p~3/2~ (707.2 eV) and Fe 2p~1/2~ (720.0 eV) of phosphide, Fe 2p~3/2~ (711.8 eV) and Fe 2p~1/2~ (725.3 eV) of phosphate;[11c](#cssc201701565-bib-0011c){ref-type="ref"}, [11d](#cssc201701565-bib-0011d){ref-type="ref"}, [17](#cssc201701565-bib-0017){ref-type="ref"} and (e2, f2) P 2p~3/2~ (129.5 eV) and P 2p~1/2~ (130.2 eV) of phosphide, P 2p of phosphate (133.5 eV).[11c](#cssc201701565-bib-0011c){ref-type="ref"}, [17a](#cssc201701565-bib-0017a){ref-type="ref"}, [18](#cssc201701565-bib-0018){ref-type="ref"}](CSSC-10-4544-g003){#cssc201701565-fig-0003}

The HER activities of FeP, Mg‐FeP, and Vc‐FeP were investigated further by measuring their polarization curves in 1 [m]{.smallcaps} KOH. Based on the results of the Faradaic efficiency measurement (Figure [3](#cssc201701565-fig-0003){ref-type="fig"}), some portion of the charge passed to the samples was consumed during phosphate formation. Therefore, to isolate the contribution of this unproductive side reaction from the measured current, we multiplied *j* ~geo~ of the samples by their Faradaic efficiencies, viz., *j* ~geo~×FE, (assuming that the measured Faradaic efficiencies are consistent up to *j* ~geo~=−30 mA cm^−2^ or within a potential window of 30 mV) and depicted the resulting polarization curves in Figure [4](#cssc201701565-fig-0004){ref-type="fig"} a. The bare Ti foil is catalytically inactive, producing negligible current in the investigated potential region. Among the samples, Vc‐FeP exhibits the highest HER activity, and *j* ~geo~×FE=−10 and −30 mA cm^−2^ are produced at overpotentials (*η*) as low as 108 and 139 mV, respectively. To achieve the same *j* ~geo~×FE, Mg‐FeP requires *η*=149 and 162 mV whereas FeP requires *η*=192 and 222 mV. The geometric HER activity of Vc‐FeP is comparable to or even better than those recently reported nanostructured metal phosphide catalysts deposited on three‐dimensional substrates (see Table S2), despite the advantage the latter have regarding having large real surface areas, which are expected to be associated with a high number of reaction sites per geometric area. Therefore, it is likely that the performance of Vc‐FeP may be improved further by geometric area optimization. A comparison with Pt foil shows that Vc‐FeP produces a higher *j* ~geo~×FE at the high overpotential region (*η*\>135 mV) (Figure [4](#cssc201701565-fig-0004){ref-type="fig"} a), implying its potential as a better catalyst at high current densities, which are often used in practical electrolyzer applications. The remarkable HER performance of Vc‐FeP can be explained by detailed investigation of its intrinsic catalytic properties as presented below.

![HER activity in 1 [m]{.smallcaps} KOH. Polarization curves, in which the current densities were multiplied by the Faradaic efficiency and normalized by (a) the electrode geometric area or by (b) the sample real surface area. (c) Tafel plots derived from (b). The curves in (a) and (b) appear jagged owing to interference of H~2~ gas bubbles.](CSSC-10-4544-g004){#cssc201701565-fig-0004}

To obtain the intrinsic catalytic properties, the current measured in Figure [4](#cssc201701565-fig-0004){ref-type="fig"} a was normalized by the sample real surface area (rsa) to decouple the morphological effect (see the Experimental Section and Figure S13 for determination of rsa). The trend of the resultant current density (*j* ~rsa~×FE, Figure [4](#cssc201701565-fig-0004){ref-type="fig"} b) among the samples is the same as that of *j* ~geo~×FE, which indicates that the different overall HER activities of the samples in Figure [4](#cssc201701565-fig-0004){ref-type="fig"} a is mainly owed to their different intrinsic HER activities.

Tafel analyses were performed to obtain mechanistic insight into the effect of Mg dopants and Fe vacancies on the HER kinetics of FeP. As shown in Figure [4](#cssc201701565-fig-0004){ref-type="fig"} c, the extracted Tafel slope for FeP is 81 mV dec^−1^, indicating that the rate of HER activity is limited by the electrochemical desorption of H~2~.[9a](#cssc201701565-bib-0009a){ref-type="ref"} This is attributed to the low coverage by adsorbed hydrogen atoms on the FeP surface owing to the low H affinity as shown in our DFT results (Figure [1](#cssc201701565-fig-0001){ref-type="fig"} a). The comparatively higher H affinity on Mg‐FeP and Vc‐FeP surfaces increases the hydrogen atom coverage, which therefore is expected to increase the total amount of electrochemically desorbed H~2~.and thus resulted in lower Tafel slopes of 33 and 62 mV dec^−1^, respectively. The higher Tafel slope of Vc‐FeP compared to that of Mg‐FeP could be explained by its lower hydrogen coverage because the removal of Mg reduces the number of metal and/or metal--P binding sites.

The normalized exchange current density (*j* ~0~), obtained by extrapolating the Tafel plot in Figure [4](#cssc201701565-fig-0004){ref-type="fig"} c to the abscissa, follows the order of Vc‐FeP (14 nA cm^−2^)\>FeP (3 nA cm^−2^)\>Mg‐FeP (0.02 nA cm^−2^). This order is consistent with the electrochemical impedance measured at *η*=0 V (presented as Nyquist plots in Figure S9), in which interfacial charge‐transfer resistance values of 0.3, 1.3, and 16.5 kΩ were obtained for Vc‐FeP, FeP, and Mg‐FeP, respectively. The lower *j* ~0~ of Mg‐FeP compared to FeP could be owed to its lower electrical conductivity, as indicated by the lower DOS near the Fermi level (Figure [1](#cssc201701565-fig-0001){ref-type="fig"} b). This explains the need for activation by means of overpotential to drive the interfacial charge transfer for HER on the surface of Mg‐FeP, despite of it having the lowest Tafel slope among the samples. Although the conductivity of Vc‐FeP is slightly lower than that of FeP, its relatively P‐rich environment (as determined by EDS in Figure S5) could enhance the proton trapping and thereby result in faster HER kinetics and hence higher *j* ~0~. That is, the optimized hydrogen‐binding strength and the improved proton trapping are the likely reasons for the highest intrinsic HER activity of Vc‐FeP among the samples.

In addition to catalytic activity, another essential quality of a HER catalyst is its stability in long‐term operation to enable practical application in electrolyzers. We examined the operational stability of our best‐performing sample, Vc‐FeP in 1 [m]{.smallcaps} KOH through a continuous 1 day chronopotentiometic (CP) test at *j* ~geo~=−10 mA cm^−2^. As shown in Figure [5](#cssc201701565-fig-0005){ref-type="fig"} a, *η* gradually increases and is stabilized at approximately 150 mV after 16 h of operation. The increase in *η* is owed to the surface formation of phosphate, as shown by the sheet‐like morphology (Figure [5](#cssc201701565-fig-0005){ref-type="fig"} c) and the pronounced phosphate peak in the XPS spectra (Figure S10). Interestingly, the sample can be reactivated by electrochemical biasing (*j* ~geo~=−10 mA cm^−2^ for 30 min) in acid solution (0.5 [m]{.smallcaps} H~2~SO~4~), which results in the removal of phosphate species, as evidenced in the partial restoration of the catalyst surface to nanoparticulate morphology (Figure [5](#cssc201701565-fig-0005){ref-type="fig"} d) and in the increased phosphide peaks (Figure S10). The HER activity is then restored and further improved (Figure [5](#cssc201701565-fig-0005){ref-type="fig"} b). Although it has been reported that catalytic enhancement of an electrode after prolonged operation could be owed to Pt deposition on the electrode surface caused by the elution of Pt counter electrode,[20](#cssc201701565-bib-0020){ref-type="ref"} we found no Pt impurity in the XPS spectrum (Figure S11) of Vc‐FeP after the reactivation process. The improved HER activity is likely due to surface roughening after the removal of phosphate species, which exposes more active sites to the electrolyte. This reactivation cycle enables the reusability of the catalyst, thus significantly reducing the operational costs.

![Stability test on Vc‐FeP performed in 1 [m]{.smallcaps} KOH. (a) 1 day CP test at *j* ~geo~=−10 mA cm^−2^. (b) Comparison of the polarization curves recorded before (fresh) and after the 1 day CP test, followed by the reactivation and another 1 day CP test. Top‐view SEM images (c) after the 1 day CP test and (d) after the reactivation. Scale bar in (c--d) 200 nm. The curve in (a) appears jagged owing to interference of H~2~ gas bubbles.](CSSC-10-4544-g005){#cssc201701565-fig-0005}

We further examined the HER activity of Vc‐FeP in 0.5 [m]{.smallcaps} H~2~SO~4~, a highly acidic condition that is required for protonexchange‐membrane electrolyzers.[21](#cssc201701565-bib-0021){ref-type="ref"} As shown in Figure [6](#cssc201701565-fig-0006){ref-type="fig"} a, Vc‐FeP catalyzes the HER much more efficiently in acidic electrolyte, exhibiting a Tafel slope of 49 mV dec^−1^, and *η*=65 and 92 mV at *j* ~geo~=−10 and −30 mA cm^−2^, respectively. This excellent HER performance is on par with or even surpasses many state‐of‐the‐art nanostructured metal phosphide catalysts (Table S3). A Faradaic efficiency of 101±6 % (Figure [6](#cssc201701565-fig-0006){ref-type="fig"} b) shows that no side reactions are occurring and that all charges are consumed exclusively during HER. During a continuous 7 day CP test at *j* ~geo~=−10 mA cm^−2^ (Figure [6](#cssc201701565-fig-0006){ref-type="fig"} c), Vc‐FeP demonstrates a remarkable catalytic stability with a slight deterioration, where the *η* required to generate *j* ~geo~=−10 mA cm^−2^ increases by only 18 %. The catalyst surface morphology (Figure S12 a) and crystal phase (Figure S12 b) show negligible changes after the 7 days of operation.

![HER activity of Vc‐FeP in 0.5 [m]{.smallcaps} H~2~SO~4~. (a) Polarization curves and corresponding Tafel plots (inset). (b) H~2~ gas measurement. (c) Comparison of the polarization curves taken after cumulative 1 day CP tests (*j* ~geo~=−10 mA cm^−2^), which sums up to 7 days. The curves in (a) and (c) appear jagged owing to interference of H~2~ gas bubbles.](CSSC-10-4544-g006){#cssc201701565-fig-0006}

Conclusions {#cssc201701565-sec-0005}
===========

We prepared a highly active hydrogen evolution reaction (HER) catalyst of Fe‐vacancy‐rich FeP nanoparticulate film using a facile and scalable sacrificial doping method. Fe vacancies were created in FeP by chemical leaching of Mg dopant from Mg‐doped FeP. From theoretical predictions, the Fe‐vacancy‐rich FeP exhibited an optimal hydrogen adsorption free energy, which was attributed to the stronger hydrogen interaction and proton trapping compared to pristine and Mg‐doped FeP. This was experimentally proven by its excellent HER activity in both alkaline and acidic electrolytes, achieving a current density of −10 mA cm^−2^ at low overpotentials of 108 and 65 mV, respectively. It also delivered a near‐100 % Faradaic efficiency and a good operational stability (at least 1 day in 1 [m]{.smallcaps} KOH and 7 days in 0.5 [m]{.smallcaps} H~2~SO~4~). The versatile approach of combining cationic doping and post‐synthesis chemical treatment could be an effective strategy for creating cationic vacancies as active sites in a broad range of catalysts for HER and other electrocatalytic applications.

Experimental Section {#cssc201701565-sec-0006}
====================

Chemicals {#cssc201701565-sec-0007}
---------

All chemicals purchased were used without further purification: FeCl~3~⋅6 H~2~O (≥99 %; Sigma--Aldrich), MgCl~2~⋅6 H~2~O (≥99 %; Scharlau), NaH~2~PO~2~⋅H~2~O (≥99 %; Sigma--Aldrich), Ti foil (99 %; 0.127 mm thick; Alfa Aesar), H~2~SO~4~ (95--97 %; Merck), and KOH (85.6 %; VWR BDH Prolabo).

Synthesis of iron‐based phosphides {#cssc201701565-sec-0008}
----------------------------------

Iron‐based oxide films were prepared by spray pyrolysis deposition on Ti foils (substrate; heated on a hotplate to 350 °C) from metal chloride spray solutions with 0.05 [m]{.smallcaps} metal concentration. For Mg doping, the spray solutions contained 0.04 [m]{.smallcaps} Fe and 0.01 [m]{.smallcaps} Mg. The spray nozzle was tilted 45° and placed at 45 cm from the Ti foil. Compressed air (0.5 bar) was used to carry the aerosol at a flow rate of 11.5 mL min^−1^. The deposition was completed after 4 cycles of 4 min spray with 1 min break taken between cycles to allow the restoration of the hotplate temperature to 350 °C. Subsequently, the film (geometric area=1×2 cm^2^) was heated using an isomantle at 450 °C for 30 min, in a sealed flask that contained NaH~2~PO~2~⋅H~2~O (0.027 g) and under a static Ar atmosphere \[Caution: heating NaH~2~PO~2~⋅H~2~O releases toxic PH~3~ gas that self‐ignites in air; this reaction should be performed under air‐free conditions\]. After cooling naturally to room temperature, the samples were collected, rinsed with distilled water, and dried in air. To prepare Mg‐leached film, the Mg‐doped film was soaked in 0.5 [m]{.smallcaps} H~2~SO~4~ for 15 min and subsequently rinsed with distilled water and dried in air.

Characterizations {#cssc201701565-sec-0009}
-----------------

Field‐emission SEM (FESEM; view at 5 kV operating voltage) and EDS were performed using Carl Zeiss Merlin equipped with X‐Max 80 mm^2^ Oxford Instruments. XRD was done using Bruker D8 Advance (CuK~α~ radiation at 40 kV and 40 mA). High‐resolution XPS were collected using a Kratos Axis Ultra DLD spectrometer with a monochromatic AlK~α~ source. HRTEM was done using a Schottky field‐emission electron microscope (JOEL JEM‐2100F) operated at 200 kV equipped with a Gatan Ultrascan 1000 CCD camera and a postcolumn imaging filter. The samples for HRTEM were prepared by dispersing the film in distilled water for 24 h using an ultrasonicator and subsequently drop‐casting the dispersion onto a TEM Cu grid with carbon supporting film and drying in air.

Electrochemical measurements for HER {#cssc201701565-sec-0010}
------------------------------------

A typical three‐electrode electrochemical cell was used, where the sample, a Pt coil, and a Ag/AgCl/1 [m]{.smallcaps} KCl constituted the working, counter, and reference electrodes, respectively. All three electrodes were immersed in a Teflon cell, which contained 1 [m]{.smallcaps} KOH (pH 14) or 0.5 [m]{.smallcaps} H~2~SO~4~ (pH 0.3) as the electrolyte. The geometric area of the sample that was exposed to the electrolyte was defined by the diameter of an O‐ring, which was approximately 0.2 cm^2^. Linear sweep voltammetries (LSV) were collected at a scan rate of 2 mV s^−1^ in the cathodic direction and subsequently subtracted from the capacitive baseline to decouple the background capacitive current. Cyclic voltammetries (CV) were recorded at 10--50 mV s^−1^, starting in the cathodic direction, in a 0.1 V window centered at the open‐circuit potential. All potentials (*E*) reported herein were referenced to the reversible hydrogen electrode (RHE) by *U* (vs. RHE)=*U* (vs. Ag/AgCl)+0.222 V+(0.059×pH) and were corrected for uncompensated cell resistance, which was determined by electrochemical impedance spectroscopy. The real surface areas of the samples were estimated by measuring the double‐layer capacitance using CV (Figure S13). The slope of the plot of Δ*j*/2 (Δ*j* is the difference between the anodic and the cathodic current densities at open‐circuit potential) as a function of potential scan rate yielded the value for the double‐layer capacitance, which was compared to the capacitance of a flat surface (0.04 mF cm^−2^).[9a](#cssc201701565-bib-0009a){ref-type="ref"}, [22](#cssc201701565-bib-0022){ref-type="ref"}

For quantification of the H~2~ gas evolved, a gas‐tight, two‐compartment electrochemical cell was used to house the three electrodes, where the working and reference electrodes were kept in the main compartment that was separated from the counter electrode by a glass frit. Prior to the measurements, the electrolyte and the headspace in the cell were purged with N~2~ gas and examined for gas‐tightness for 1 h. Aliquots of the gas in the headspace of the main compartment were extracted at 20 min intervals during a 2 h CP (fixed current density of −10 mA cm^−2^) for analysis using MIMS (ThermoFinnigan Delta plus XP). Known amounts of 0.5 % H~2~/Ar gas mixture (±2 % relative uncertainty; AGA AB) were used to calibrate the sensitivity of MIMS toward H~2~. The amount of H~2~ evolved was the sum of the gas in the headspace and the gas dissolved in the electrolyte, which was calculated using the Henry constant (7.8 μmol m^−3^ Pa^−1^ for H~2~).[23](#cssc201701565-bib-0023){ref-type="ref"}

Computational details {#cssc201701565-sec-0011}
---------------------

Spin‐polarized calculations were performed using DFT within the generalized gradient approximation. The exchange‐correlation potential was determined using the revised Perdew--Burke--Ernzerhof (RPBE)[24](#cssc201701565-bib-0024){ref-type="ref"} model as implemented in the SIESTA code.[25](#cssc201701565-bib-0025){ref-type="ref"} Wave functions for the valence electrons are represented by a linear combination of pseudo‐atomic numerical orbitals using double‐ζ plus one polarized orbital basis. The FeP with the space group *Pbnm* was used as starting configuration, for which the bulk lattice parameters obtained from our DFT calculations are *a=*5.822 Å, *b=*5.267 Å, and *c=*3.133 Å, which are in good agreement with the experimental values (*a=*5.793 Å, *b=*5.187 Å, *c=*3.093 Å).[26](#cssc201701565-bib-0026){ref-type="ref"} Subsequently, (111) and (112) FeP surfaces were created by constructing FeP slabs with thickness of ∼12 Å. For each crystalline surface, three different systems were built: Pristine FeP (FeP), Mg‐doped FeP (Mg‐FeP), and Fe‐vacancy‐rich FeP (Vc‐FeP). For the Mg‐FeP and Vc‐FeP systems, two replicas with different atomic configurations were also studied, resulting in a total of 10 systems. A variable cell optimization without any constrains was performed before any adsorption event. The real‐space grid used for charge and potential integration is equivalent to a plane wave cutoff energy of 300 Ry. The sampling of the Brillouin zone was performed with 3×3×1 Monkhorst--Pack grid and the force tolerance was set to 0.04 eV Å^−1^. A k grid of 16×16×1 was used for the density of states.

The HER was studied with DFT using the computational hydrogen electrode (CHE) model as proposed by Nørskov et al.[27](#cssc201701565-bib-0027){ref-type="ref"} The total HER can be written as H^+^+e^−^→1/2 H~2~, and by specifying standard conditions (pH 0 in the electrolyte and 1 bar of H~2~ in the gas phase at 298.15 K) the chemical potential of a proton--electron pair (H^+^+e^−^) in solution is equal to half of the chemical potential of a gas‐phase H~2~ molecule. In this way, we avoid to treat explicitly solvated protons, and instead only the gaseous hydrogen molecule is required and easily computable using DFT. Additionally, at the equilibrium potential (*U*=0 V), the free energy of the initial and final state are the same. The Gibbs free energy of the adsorbed state is then defined as Δ*G* ~H\*~=*G* ~H\*~−*G* ${}_{1/{2H}{}_{2}}$ , where it can be expressed also as Δ*G* ~H\*~=Δ*E* ~H~+Δ*E* ~ZPE~−*T* Δ*S* ~H~, where Δ*E* ~H~ is determined as the energy difference between the adsorbed H atom and the gas phase H~2~ molecule (Δ*E* ~H~=*E* ~surf+H~−*E* ~surf~−$1/2$   *E* ${}_{H{}_{2}}$ ), Δ*E* ~ZPE,~ and *T* Δ*S* ~H~ are the differences in zero‐point energy and entropy between the adsorbed and the gas phase, estimated to be 0.14 eV for HER.[28](#cssc201701565-bib-0028){ref-type="ref"} Therefore, an endergonic process (Δ*G* ~H\*~\>0) indicates that the adsorption process is the limiting step, whereas an exergonic process (Δ*G* ~H\*~\<0) suggests that the hydrogen desorption is the bottleneck. Thus, Δ*G* ~H\*~ is a measurement of the reaction feasibility where a thermoneutral process (Δ*G* ~H\*~=0) is the most beneficial case. Note that this approach does not consider the energy barriers between intermediates from solvent reconstruction; as a result, the change in free energy only indicates if a reaction is thermodynamically allowed. The HER was studied on 3 different active sites per surface.
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